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Abstract. We examine the production of open charm in antiproton annihilation on finite nuclei. The
enhancement of the subthreshold production cross section, even in a nucleus as light as carbon, should
provide a clean signature of the reduction in the masses of these mesons in-medium. We also show that a
careful analysis of the D+ and D− spectra can yield important information on the cross section for D±N
scattering.
PACS. 25.43.+t Antiproton-induced reactions – 21.65.+f Nuclear matter – 14.40.Lb Charmed mesons –
14.65.Dw Charmed quarks
1 Introduction
Antiproton annihilation on nuclei provides new possibil-
ities for studying open charm production, exploring the
properties of charmed particles in nuclear matter and mea-
suring the interaction of charmed hadrons.
Hatsuda and Kunihiro [1] proposed that the light quark
condensates may be substantially reduced in hot and dense
matter and that as a result hadron masses would be mod-
ified. At low density the ratio of the scalar hadron mass in
medium to that in vacuum can be directly linked to the ra-
tio of the quark condensates [2,3,4,5,6]. Even if the change
in the ratio of the quark condensates is small, the absolute
difference between the in-medium and vacuum masses of
the hadron is expected to be larger for the heavy hadrons.
In practice, any detection of the modification of the mass
of a hadron in matter deals with the measurement of effect
associated with this absolute difference.
It was found in Refs. [7,8] that the in medium change
of quark condensates is smaller for heavier quarks, s and
c, than those for the light quarks, u and d. Thus the in-
medium modification of the properties of heavy hadrons
may be regarded as being controlled mainly by the light
quark condensates. As a consequence we expect that
charmed mesons, which consist of a light quark and heavy
c quark, should serve as suitable probes of the in-medium
modification of hadron properties.
a alexandre.sibirtsev@theo.physik.uni-giessen.de
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c athomas@physics.adelaide.edu.au
As for the K¯ and K-mesons, with their quark contents
q¯s and qs¯ (q=u, d light quarks), respectively, the D (q¯c)
and D¯ (qc¯) mesons will satisfy different dispersion rela-
tions in nuclear matter because of the different sign of the
q and q¯ vector coupling. Some experimental confirmation
of this effect has come from measurements [9,10,11,12,
13,14,15,16,17] of K− and K+-meson production from
heavy ion collisions. The D+ and D− production from
p¯A annihilation might yield an even cleaner signal for the
in-medium modification of the D and D¯ masses.
Because of charm conservation, D and D¯ mesons are
produced pairwise and can be detected by their semilep-
tonic decay channels. The threshold for the p¯N→DD¯ re-
action in vacuum opens at an antiproton energy around
5.57 GeV, but it is lowered in the p¯A annihilation by the
in-medium modification of the D and D¯ masses as well as
by Fermi motion.
The interaction of the D-mesons with nuclear matter
is of special interest [18]. Note that the DN interaction
should be very different from that of charmonia (J/ΨN),
since the interaction between the nucleons and the heavy
mesons which do not contain u and d quarks is expected
to proceed predominantly through gluon exchange. On
the other hand, as for K¯-mesons, the D-mesons might
be strongly absorbed in matter because of the charm ex-
change reaction DN→Λcπ, while the D¯-mesons should
not be absorbed. As will be shown later, the specific con-
ditions of the DD¯ pair production in p¯A annihilation pro-
vide a very clean and almost model independent oppor-
tunity for the experimental reconstruction of the charm-
exchange mechanism.
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2 D-meson mass in nuclei
As far as the meson properties in free space are concerned,
the Bethe-Salpeter (BS) and Dyson-Schwinger (DS) ap-
proaches have been widely used [19]. The application of
BS approach to the description [20] of heavy and light
quarks system allows well to describe the D and B me-
son properties in free space. The DS approach at finite
baryon density was used [21] for the calculation of the
in-medium properties of ρ, ω and φ mesons. The modi-
fication of the ρ and ω meson masses resulting from DS
equation is close to the calculations with the quark-meson
coupling (QMC) model [22], while the φ-meson mass re-
duction from Ref. [21] is larger as compared to QMC. How-
ever, these approaches are not still developed well for the
system of finite baryon density and we could not compare
their results for the hadron properties in nuclear matter
with the predictions from other models.
Here, we use the quark-meson coupling model [22],
which has been successfully applied not only to the prob-
lems of conventional nuclear physics [23,24] but also to the
studies of meson properties in a nuclear medium [25,26,
27]. Furthermore, the properties of the D meson (also B)
in free space are well described in an MIT bag model [28].
A detailed description of the Lagrangian density and the
mean-field equations of motion needed to describe a fi-
nite nucleus are given in Refs. [23,24]. At position r in
a nucleus (the coordinate origin is taken at the center
of the nucleus), the Dirac equations for the quarks and
antiquarks in the D and D¯ meson bags, neglecting the
Coulomb force, are given by [25]:
[
iγ · ∂x − (mq − V
q
σ (r))∓ γ
0
(
V qω (r) +
1
2
V qρ (r)
)]
×
(
ψu(x)
ψu¯(x)
)
= 0, (1)
[
iγ · ∂x − (mq − V
q
σ (r))∓ γ
0
(
V qω (r)−
1
2
V qρ (r)
)]
×
(
ψd(x)
ψd¯(x)
)
= 0, (2)
[iγ · ∂x −mc]ψc(x) (or ψc¯(x)) = 0. (3)
The mean-field potentials for a bag centered at position
r in the nucleus are defined by V qσ (r)=g
q
σσ(r), V
q
ω (r)=
gqωω(r) and V
q
ρ (r)=g
q
ρb(r), with g
q
σ, g
q
ω and g
q
ρ the corre-
sponding quark and meson-field coupling constants. (Note
that we have neglected the small variation of the scalar
and vector mean-fields inside the meson bag due to its
finite size [23].) The mean meson fields are calculated
self-consistently by solving Eqs. (23) – (30) of Ref. [24],
namely, by solving a set of coupled non-linear differential
equations for static, spherically symmetric nuclei, result-
ing from the variation of the effective Lagrangian density
involving the quark degrees of freedom and the scalar,
vector and Coulomb fields in mean field approximation.
The normalized, static solution for the ground state
quarks or antiquarks in the meson bags may be written
as:
ψf (x) = Nfe
−iǫf t/R
∗
jψf (x), (j = D, D¯), (4)
where f=u, u¯, d, d¯, c, c¯ refers to quark flavors, and Nf
and ψf (x) are the normalization factor and corresponding
spin and spatial part of the wave function. The bag radius
in medium, R∗j , which generally depends on the hadron
species to which the quarks and antiquarks belong, will
be determined through the stability condition for the (in-
medium) mass of the meson against the variation of the
bag radius [23,24,25] (see also Eq. (9)). The eigenenergies
ǫf in Eq. (4) in units of 1/R
∗
j are given by(
ǫu(r)
ǫu¯(r)
)
= Ω∗q (r)±R
∗
j
(
V qω (r) +
1
2
V qρ (r)
)
, (5)
(
ǫd(r)
ǫd¯(r)
)
= Ω∗q (r)±R
∗
j
(
V qω (r)−
1
2
V qρ (r)
)
, (6)
ǫc(r) = ǫc¯(r) = Ωc(r), (7)
where Ω∗q (r)=
√
x2q+(R
∗
jm
∗
q)
2, with m∗q=mq−g
q
σσ(r) and
Ωc(r)=
√
x2c+(R
∗
jmc)
2. The bag eigenfrequencies, xq and
xc, are determined by the usual, linear boundary condi-
tion [23,24]. Note that the lowest eigenenergy for the Dirac
equation (Hamiltonian) for the quark, which is positive,
can be thought of (for many purposes) as a constituent
quark mass.
Now, the D and D¯ meson masses in the nucleus at
position r (we takemD = mD¯ in vacuum, and then,m
∗
D =
m∗
D¯
in nuclear medium), are calculated by:
m∗D(r) =
Ω∗q (r) +Ωc(r)− zD
R∗D
+
4
3
πR∗3DB, (8)
∂m∗D(r)
∂RD
∣∣∣∣
RD=R∗D
= 0. (9)
In Eq. (8), the zj parametrize the sum of the center-of-
mass and gluon fluctuation effects, and are assumed to be
independent of density. The parameters are determined in
free space to reproduce their physical masses.
In this study we chose the valuesmq≡mu=md=5 MeV
and mc=1300 MeV for the current quark masses, and
RN=0.8 fm for the bag radius of the nucleon in free space.
Other input parameters and some of the quantities calcu-
lated are given in Refs. [23,24,25]. We stress that while the
model has a number of parameters, only three of them, gqσ,
gqω and g
q
ρ, are adjusted to fit nuclear data – namely the
saturation energy and density of symmetric nuclear matter
and the bulk symmetry energy. None of the results for nu-
clear properties depend strongly on the choice of the other
parameters – for example, the relatively weak dependence
of the final results for the properties of finite nuclei, on
the chosen values of the current quark mass and bag ra-
dius, is shown explicitly in Refs. [23,24]. Exactly the same
coupling constants, gqσ, g
q
ω and g
q
ρ, are used for the light
quarks in the mesons as in the nucleon. However, in stud-
ies of the kaon system, we found that it was phenomeno-
logically necessary to increase the strength of the vector
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coupling to the non-strange quarks in the K+ (by a factor
of 1.42) in order to reproduce the empirically extracted
K+-nucleus interaction [26,29]. We assume that the dy-
namical chiral symmetry breaking for the light quarks in
the D and D¯ is the same as those for the kaon [25,26,29],
and will use the stronger vector potential, V˜ qω (= 1.4
2V qω ),
in this study.
Through Eqs. (1) – (9) we self-consistently calculate ef-
fective masses,m∗D(r), and mean field potentials, V
q
σ,ω,ρ(r),
at position r in the nucleus. The scalar and vector poten-
tials (neglecting the Coulomb force) felt by the D and
D¯ mesons, which depend only on the distance from the
center of the nucleus, r = |r|, are given by:
UD
±
s (r) ≡ Us(r) = m
∗
D(r) −mD, (10)
UD
±
v (r) = ∓(V˜
q
ω (r) −
1
2
V qρ (r)), (11)
The ρmeson mean field potential, V qρ (r), (and the Coulomb
potential) which are small and expected to give a minor
effect, will be neglected in the present study. Note that V qρ
is negative in a nucleus with a neutron excess.
Fig.1 shows the potentials for the D− and D+-mesons
as a function of the nuclear radius calculated for 12C and
197Au. For the following calculations we define the poten-
Fig. 1. The D− and D+ potentials calculated for 12C (a) and
197Au (b) as a function of the nuclear radius. We also show
the downward shift in the threshold for D+D− production for
12C and 197Au, in (c).
Fig. 2. The total energies of the D− and D+ mesons at zero
momentum calculated for nuclear matter and plotted as func-
tion of the baryon density, in units of the saturation density of
nuclear matter, ρ0=0.15 fm
−3.
tial as
UD
±
(r) = Us(r) + U
D±
v (r), (12)
where Us and Uv denote the scalar and vector pieces of the
potential, respectively. The in-medium dispersion relation,
for the total energy ED± and the momentum p of the D
±-
meson is now given by
ED±(r) =
√
p2 + (mD + Us(r))2 + U
D±
v (r), (13)
where the bare D-meson mass is mD=1.8693 GeV.
Note that the total D−-meson potential is repulsive,
while the D+ potential is attractive, which is analogous
to the case for the K+ and K− mesons, respectively [26].
The amount of downward shift of the p¯N→D+D− re-
action threshold in nuclei, associated with the in-medium
modification of the D and D¯ scalar potentials and the vec-
tor potentials, is simply 2Us, and is shown in Fig.1c) for
12C and 197Au as a function of the nuclear radius. The
threshold reduction is quite large in the central region of
these nuclei and should be detected as an enhanced pro-
duction of the D+D− pairs. Note that a similar situation
holds for the K+ and K− production and, indeed, en-
hanced K−-meson production in heavy ion collisions, as-
sociated with the reduction of the production threshold,
has been partially confirmed experimentally [9,10,11,12,
13,14,15,16,17].
In Fig.2 the total energies of theD+ andD− mesons at
zero momentum in Eq. (13), are shown as function of the
nuclear matter density in units of normal nuclear matter
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density (ρ0=0.15 fm
−3). Note that at ρ0 the threshold
reduction is around 164 MeV, which should be detectable
in p¯A annihilation.
3 The model for D-meson production in p¯A
annihilations
The DD¯ production in antiproton-nucleus annihilation
was calculated using the cascade model [30] adopted for
p¯A simulations. The detailed description of the initializa-
tion procedure as well as the interaction algorithm are
given in Ref. [30].
The reaction zone was initialized with the use of the
momentum dependent p¯N total cross section, given as [31]:
σp¯N = 38.4 + 77.6p
−0.64 + 0.26(ln p)2 − 1.2 ln p, (14)
where p denotes the antiproton laboratory momentum and
the cross section was taken to be the same for the pro-
ton and the neutron target (in good agreement with the
data [31]).
The p¯N→DD¯ cross section was calculated with quark-
gluon string model proposed in Ref. [32]. In the following
we will concentrate on the production of D+ and D−-
mesons and thus take into account only two possible reac-
tions, namely p¯p→D+D− and p¯n→D0D−. Note that the
relation,
4σ(p¯p→ D+D−) = σ(p¯n→ D0D−) (15)
is due to the difference in the number of the quark planar
diagrams [32].
Furthermore, to account for the D− and D+-meson
propagation in nuclear matter one needs to introduce the
relevant cross sections for elastic and inelastic DN scat-
tering. Since no data for the DN interaction are available
we use a diagrammatic approach illustrated by Fig.3a,b).
Let us compare the D−N→D−N and the K+N→K+N
reactions in terms of the quark lines. Apart from the differ-
ence between the c and s quarks, both reactions are very
similar and can be understood in terms of rearrangement
of the u or d quarks. Thus, in the following calculations
we assume that σD−N→D−N=σK+N→K+N .
The K+N cross section was taken from Ref.[33], which
gives a parametrization of the available experimental data.
The total K+N cross section, averaged over neutron and
proton targets, is shown in Fig.4a) by the dashed line - as a
function of the kaon momentum in the laboratory system.
Note, that within a wide range of kaon momentum σK+N
is almost constant and approaches a value of ≃20 mb. We
adopt the value σD−N=20 mb, noting that it is entirely
due to the elastic scattering channel.
Now, Fig.3c,d) shows both theK−N→Λπ andD+N →
Λcπ processes, which are again quite similar in terms of the
rearrangement of the s and c quarks, respectively. Thus
we assume that σD+N→Λcπ≃ σK−N→Λπ .
The total K−N cross section is shown by the solid
line in Fig.4. Again it is averaged over proton and the
Fig. 3. Quark diagrams for K+n→K+n (a) and D−p→D−p
(b) elastic scattering and for K−n→Λpi− (c), D+p→Λ+c pi
+ (d)
inelastic scattering.
neutron and taken as a parametrization [33] of the ex-
perimental data. At low momenta the K−N cross section
shows resonance structures due to the strange baryonic
resonances [34], while at high momenta it approaches a
constant value. Apart from the contribution from these
intermediate baryonic resonances the inelastic K−N→Λπ
cross section can be written as
σK−N→Λπ =
|M |2
16 π s
×
[
(s−m2Λ −m
2
π)
2 − 4m2Λm
2
π
(s−m2K −m
2
N )
2 − 4m2Nm
2
K
]1/2
, (16)
where s is the square of the invariant collision energy and
mK , mN , mΛ, mπ are the masses of kaon, nucleon, Λ-
hyperon and pion, respectively. In Eq.(16) the |M | de-
notes the matrix element of the K−N→Λπ transition,
which was taken as a constant. Now the total K−N cross
section is given as a sum of the cross section for the in-
elastic channel (16) and for the elastic one, where the lat-
ter was taken to be 20.5 mb. The dotted line in Fig.4
shows our result for the total K−N cross section obtained
with |M |=11.64 GeV·fm, which reproduces the trend of
the data reasonably well.
A similar approach was used to construct the D+N
total cross section. It was assumed that at high momenta
the D+N elastic cross section equals the D−N cross sec-
tion, while the D+N→Λ+c π cross section was calculated
from Eq.16, replacing the particle masses as appropriate.
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Fig. 4. a) The total K−N (solid) and K+N (dashed line)
cross sections obtained [33] as the best fit to the available ex-
perimental data [34] and shown as function of the kaon mo-
mentum. The dotted line show the result as explained in the
text. b) The D−N (dashed) and D+N total cross sections used
in the calculations.
The final results are shown in Fig.4 and were adopted for
the following calculations.
We wish to emphasize that the status of the D-meson-
nucleon interactions is still unknown and is itself one of the
important goals of the p¯A→DD¯X studies. Our approach
is necessary in order to estimate the expected sensitivity
of the experimental measurements to the DN interaction
and to study the possibility to evaluate the D+N and
D−N cross sections.
4 Testing the D-mass in matter
In comparison to low energy antiprotons that annihilate
at the periphery of the nucleus because of the large p¯N
annihilation probability, antiprotons with energies above
3 GeV should penetrate the nuclear interior. They can
therefore probe the nuclear medium at normal baryon den-
sity ρ0 and hence yield information about the in-medium
properties of the particles. Indeed, as is illustrated by
Fig.1, the D-meson potential deviates strongly from zero
in the interior of the nuclei considered.
Fig.5 shows the reaction zone for the p¯C and p¯Au an-
nihilations at an antiproton beam energy of 5 GeV. The
plots are given as a functions of the impact parameter b
and the z-coordinate, assuming the beam is oriented along
the z-axis, which is shown by arrows in Fig.5. The anni-
hilation zone is concentrated in the front hemisphere of
the target nuclei. Actually the antiprotons penetrate suf-
ficiently deeply to test densities near that of normal nu-
clear matter and hence the shift in the D+D− production
threshold should be manifest.
Now we calculate the total p¯A→D+D−X production
cross section as function of the antiproton beam energy
and show the results in Fig.6 for a carbon target and in
Fig.7 for gold. The vacuum p¯N→D+D− cross section is
also shown in Fig.7. Note that the difference between the
D+ and D−-meson production rates is caused by the D+-
absorption in nuclear matter.
Obviously the production threshold is substantially re-
duced as compared to the antiproton annihilation on a free
nucleon. Apparently, part of this reduction is due to the
Fermi motion [35,36,37], however the calculations with in-
medium D-meson masses indicate a much stronger thresh-
old reduction comparing to those using the free masses for
the final D-mesons.
Note that, because of their relatively long mean life,
the D-mesons decay outside the nucleus and their in-
Fig. 5. The plot of the annihilation zone for p¯+12C (a) and
p¯+197Au (b) reactions at a beam energy of 5 GeV. The solid
line indicates the r.m.s. radius of the target nucleus. The arrows
show the direction of the antiproton beam.
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Fig. 6. The total cross section for D+ and D−-meson produc-
tion in p¯C annihilation as a function of the antiproton energy.
The results are shown for calculations with free (dashed lines)
and in-medium masses (solid lines) for the D-mesons. The ar-
row indicates the reaction threshold on a free nucleon.
medium masses cannot be detected through a shift of the
invariant mass of the decay products (unlike the leptonic
decay of the vector mesons). Thus it seems that the mod-
ification of the D+ and D−-meson masses in nuclear mat-
ter can best be detected experimentally as for the shift of
the in-medium K+ and K−-meson masses, namely as an
enhanced D-meson production rate at energies below the
threshold for the p¯N→D+D− reaction in free space.
We should note that experimentally it may be diffi-
cult to distinguish whether such an enhancement is due
to the modification of the D+ and D−-meson masses in
nuclear matter, or due to the Fermi motion, or due to
other processes that are not yet included in our study. In
principle, the high momentum component of the nuclear
spectral function can provide sufficient energy for parti-
cle production far below the reaction threshold in free
space [35]. However, the calculations in Refs. [36,37] with
realistic spectral functions [39,40,41] indicate that such
effects are actually negligible, while a more important con-
tribution comes from multistep production mechanism.
For instance, the dominant contribution toK+ production
in pA collisions comes from the secondary πN→Y K+ pro-
cess, which prevails over the direct pN→NYK+ reaction
mechanism [36,38]. Thus the interpretation of the data
depends substantially on the reliable measurement of the
production mechanism.
It is important, that an additional advantage of the
D+D− production in p¯A annihilation is the possibility to
reconstruct the production mechanism directly. Let us de-
note as MX the missing mass of the target nucleon in the
reaction p¯N→D+D−. Obviously, in vacuum MX is equal
to the free nucleon mass and can be reconstructed for an-
tiproton energies above the D+D− production threshold
on the free nucleon. When analysing MX in p¯A annihila-
tions one expects the distribution dσ/dMX to be centered
close to the mass of the bound nucleon - below the free
nucleon mass. The shape of the distribution dσ/dMX is
related to the spectral function of the nucleus [39,40,41].
The preceding discussion is based on the hypothesis
that the reaction p¯N→D+D− is the dominant mechanism
for D+D− pair production. By measuring both the D+
and D− mesons one can directly check this hypothesis.
Let us first neglect the D-meson interactions in the nu-
clear enviroment and analyze theMX spectrum for p¯C an-
nihilation at 5 GeV. Fig.8a) shows the missing mass distri-
bution calculated without (hatched histogram) and with
inclusion of the D+ and D−-meson potentials. We recall
Fig. 7. The total cross section for D+ and D−-meson produc-
tion in p¯Au annihilation as function of the antiproton energy.
The results are shown for calculations with free (dashed lines)
and in-medium masses (solid lines) for theD-mesons. For com-
parison the vacuum p¯N→D+D− cross section is also indicated.
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Fig. 8. The missing mass distribution calculated for p¯C an-
nihilation at 5 GeV. The upper part shows the results ob-
tained without (hatched histogram) and with account of the
in-medium potentials (open histogram), but neglecting the D-
meson interactions in the nucleus. The hatched histogram is
normalized to the open histogram. The lower part shows the
calculations with D+ and D− potentials and with DN inter-
actions.
that calculations with free masses provide much smaller
p¯C→D+D−X production cross sections (see Fig.6). Thus,
for the purpose of the comparison in Fig.8a) the result
obtained without potentials is renormalized to those with
in-medium masses.
The arrow in Fig.8a) indicates the density averaged
mass of the bound nucleon in the carbon target [42]. In-
deed both histograms are centered around the expected
value. However, the calculation with the potentials shows
a substantially wider distribution. This effect can be easily
understood in terms of the downward shift of the thresh-
old for D-meson production in medium.
Fig.8b) shows the MX distribution calculated with in-
medium masses, taking into account both D+ and D−-
meson interactions in the nuclear environment. Note that
the distribution below MX≃0.75 GeV results from sec-
ondary DN elastic rescattering and its strength is pro-
portional to the DN elastic cross section. A deviation of
the actual experimental missing mass distribution from
those shown in Fig.8b) might directly indicate the con-
tribution from D+D− reaction mechanisms, other than
direct production.
In principle, the missing mass,MX , reconstruction ap-
pears as a very promising tool for the detection of the
in-medium mass modification. Of course, this method re-
quires a detailed knowledge of the nuclear spectral func-
tion [39,40,41] as well as an accurate calculation of the
MX distribution, which should be compared to the exper-
imental one.
5 Determination of the DN cross section
Obviously both D+ and D− mesons are produced in
the fragmentation region of the incident antiproton. The
D+D− pairs gain the total energy available from the p¯N
annihilation and because of the high velocity of the an-
tiproton beam they should move forward with large mo-
menta - at least when the produced mesons do not interact
with the target.
Fig.9 shows the D+ and D−-meson distribution in mo-
mentum space, i.e. over the transverse momentum pt, and
laboratory, longitudinal momentum, pl, calculated for the
p¯Au reaction at an antiproton energy of 7 GeV. The solid
lines indicate the D-meson emission angle in the labo-
ratory system. The D-meson distribution in momentum
space shows two branches. The branch at large pl and
small pt originates from the primary production of the
D+D− pairs in the antiproton annihilation at the target
nuclei. The width of this branch reflects the spectral func-
tion of the nuclei, i.e. the internal momentum and energy
distribution of the nucleons [39,40,41].
The second branch in Fig.9 is located at small pl and
originates from the elastic and inelastic interactions of the
D-meson in nuclear medium. Note that the D+ mesons
are produced in the annihilation with sufficiently large
momenta that they are not strongly absorbed (see Fig.4)
but can be scattered elastically similar to the D−-mesons.
Obviously, to be absorbed the D+-mesons should first be
slowed down in the nuclear matter. Thus the experimental
study of the charm exchange reaction, D+N→Λ+c π, seems
to be more informative with the heavy nuclear targets,
where multiple scattering is more probable.
The momentum spectra for D− and D+-mesons pro-
duced in p¯C annihilation at 5 GeV are shown in Fig.10.
The hatched histograms are the primary spectra from p¯-
annihilation on the target nucleon, while the solid his-
tograms show the final D-meson spectra. The difference
between the primary and final spectra arise primary from
elastic rescattering. For such a light target as carbon, the
D+-absorption is almost negligible and therefore the dif-
ference between the D− and D+ momentum spectra is
only the absolute normalization. Note that the D+ can be
produced in p¯ annihilation at the target proton, while D−
- can be produced on either a neutron or proton.
A rather different situation applies for the antipro-
ton annihilation on heavy targets. Fig.11 shows the D-
meson spectra from p¯Au annihilations at 5 GeV. Again the
hatched histograms are the primary spectra from the an-
nihilation, while the solid histograms show the final spec-
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Fig. 9. The distribution over the transverse pt and laboratory
longitudial momentum pl for the D
− (upper part) and D+-
meson (lower part) produced in p¯Au annigilations at 7 GeV.
Lines indicates the detection angle in the laboratory system.
tra. The D−-meson spectrum is enhanced at low momenta
which indicates strongD− deceleration in the gold. At the
same time the total D− yield does not change in compar-
ison with the primary production.
The D+-spectrum is substantially different from the
primary (shadowed histogram) and around 40% of the ini-
tial D+-mesons, produced in p¯Au annihilation at 5 GeV,
are absorbed. Indeed the difference between the D+ and
D− spectra comes from the D-nucleon absorption.
6 Conclusion
We have studiedD-meson production in antiproton-nucleus
annihilation. It was found that p¯A annihilation at energies
below the p¯N→D+D− reaction threshold in free space of-
fer reasonable conditions for the detection of the changes
in D-meson properties in-medium at normal nuclear mat-
ter density. In-medium modification of the D-meson mass
can be observed as an enhanced D+D− production at an-
tiproton energies below ≃5.5 GeV. The advantage of the
p¯A→D+D−X reaction is the possibility to reconstruct di-
rectly the primary production mechanism and hence to
avoid a mistaken interpretation of such an enhancement
as due to the contribution from multistep production pro-
cesses. In part this reconstruction allows one to restrict
Fig. 10. The momentum spectra of D− and D+ mesons in the
laboratory system and from the p¯C annihilations at 5 GeV.
Hatched histograms show the primary spectra from the an-
tiproton annihilation at the bound nucleon. Solid histograms
are the final spectra.
the data analysis in terms of the effect due to the high
momentum component of the nuclear spectral function.
The study of the in-medium modification of the D-meson
mass seems very promising, even with a target as light as
carbon, where the total D+D− mass reduction is sizeable
and the nuclear spectral function is under control [39,40,
41].
We found that the p¯A annihilations also provide
favourable conditions for studying the D-meson interac-
tion in the nucleus. The difference in the D+ and D−-
meson momentum spectra from antiproton annihilation
on heavy nuclei provides a very clean signature for the
charm exchange D+N→Λ+c π reaction and can be used for
the determination of the DN rescattering and absorption
cross sections.
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